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Membrane bendingThe objective of this paper was to review our recent investigations of silica xerogel and aerogel-supported
lipid bilayers. These systems provide a format to observe relationships between substrate curvature and
supported lipid bilayer formation, lipid dynamics, and lipid mixtures phase behavior and partitioning.
Sensitive surface techniques such as quartz crystal microbalance and atomic force microscopy are readily
applied to these systems. To inform current and future investigations, we review the experimental literature
involving the impact of curvature on lipid dynamics, lipid and phase-separated lipid domain localization, and
membrane–substrate conformations and we review our molecular dynamics simulations of supported lipid
bilayers with the atomistic and molecular information they provide.
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Supported lipid bilayers have been extensively used as model
systems for cell membranes offering the possibility of applying surface
sensitive techniques such as atomic force microscopy (AFM) [1-4],
time-of-ﬂight secondary ion mass spectrometry (SIMS) [5] and high
resolution nanoSIMS [6,7]. The procedures for preparing solid
supported lipid bilayers via Langmuir-Blodgett or vesicle fusion
techniques are well established and described in the literature [1,8].
Important differences exist between free and supported lipid bilayers.
In a free bilayer, static curvature (vesicles, tubules, etc.) or dynamic+1 530 752 1031.
ll rights reserved.bending modes induced by thermal ﬂuctuations are mediated by
constituent lipid intrinsic curvature and bending and tension
elasticity [9,10]. These properties are the result of hydrophobic
portions of the membrane trying to minimize exposure to an aqueous
solvent. However, on smooth hydrophilic surfaces, a layer of water
organizes in an ice-like structure [11,12]. This structure's energetically
favorable interaction with the water hydrating the polar head groups
of the lipids in the membrane drives adsorption but the entropic
penalty of adsorption not only limits thermal ﬂuctuations in the
membrane [13] but also modiﬁes the natural pressure proﬁle across
the bilayer [14]. As the roughness of a support transitions to
nanometer or larger corrugations, a competition between membrane
tension, curvature, and adsorption energy emerges [15], while
thermal ﬂuctuations, e.g. protrusion modes are modiﬁed in relation
to the local roughness [11].
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customized surfaces is the effort to utilize the convenience of a
macroscopically planar and mechanically stable platform for exper-
imentation, while creating a lipid environment more closely
resembling the biological systems being modeled. Soft matter
spacers between the bilayer and support [16,17] or the use of
porous substrates optimally would act to both reduce adsorption
constraints on supported membranes, provide solvent access to both
leaﬂets of the bilayer [18], and allow transmembrane and membrane
associated molecules such as proteins and saccharides an environ-
ment free of steric hindrances [19]. While new supports attempt to
address these concerns, they also provide a new way to observe
relationships between curvature, lipid organization, and phase
behavior in lipid mixtures.
Lipid bilayer formation via vesicle fusion on various silica surfaces
has been studied on various materials such as quartz [20], organo-
silane SAMs [21], nanoporous microbeads [22-24], chemically
oxidized silicon [25], glass [26], colloidal crystals [27,28], nanocom-
posite thin ﬁlms [29], and aerogels/xerogels [30,31]. Studies on the
properties of porous silica thin ﬁlm materials produced via sol–gel
chemistry have been well documented in the literature [32-34]. Silica
xerogels as supports for phospholipid bilayer formation have been
studied here and are advantageous substrates for these studies
because these materials have controllable surface porosity, have
unique surface chemistry and can be easily produced for a variety of
applications.
Cell membranes are richly heterogeneous in their composition and
therefore understanding the behavior of multicomponent lipid
bilayers supported on new substrates is of interest. Multicomponent,
phase-separated lipid bilayers that contain gel phase domains are a
logical choice for deposition onto new substrates since there is
accumulated evidence for the existence and importance of local lipid
ordering (lipid rafts and microdomains) in several biological
processes [35,36]. In a phase-separated bilayer, the gel phase domains
are more packed and extend above the more disordered phase
allowing examination by height-sensitive techniques such as ellipso-
metry [37] and atomic force microscopy [38].
Here we review our recent investigations that combine considera-
tions of substrate roughness and curvature with studies of bilayer
behavior on these surfaces. We focus on the sol–gel process for
substrate preparation due to ease of parameterization and prepara-
tion. We review two studies of lipid bilayers supported on sol–gel
derived silica substrates (aerogels and xerogels). The ﬁrst study
employed quartz crystal microbalance with dissipation (QCM-D) and
ﬂuorescence recovery after photobleaching (FRAP) to characterize the
vesicle fusion process and lipid diffusion respectively [30,31]. The
second study employed atomic force microscopy (AFM), FRAP, and
ﬂuorescence correlation spectroscopy (FCS) to characterize binary
phase-separating lipid mixtures on silica xerogels [39]. These studies
constitute initial steps toward examining and understanding more
complex biomimetic membranes on surfaces where curvature plays a
signiﬁcant role. We highlight literature that informs these studies
with current work involving the impact of curvature on lipid
organization, domain locations, and membrane–substrate conforma-Fig. 1. Governing synthesis reactions for silica sol–geltions. Additionally, we review molecular dynamics simulations of
supported lipid bilayers with the atomistic andmolecular information
they provide [11,14,40]. This rich area of exploration promises to
provide many opportunities for further elucidation of membrane
properties and behaviors.
2. Silica xerogels/aerogels
In general, the sol–gel preparation of porous materials requires
three basic steps: (1) formation of a stable colloid (sol), (2) gelation
and (3) drying. Wet gels of inorganic oxides are typically prepared
through the hydrolysis and condensation of their alkoxides or
inorganic salts (for example see Fig. 1), leading to the formation of a
three dimensional network. The gelation process results in the
formation of a liquid-ﬁlled solid network, and to produce a dried
solid structure, the solvent that resides within the pores of the gel
structure is removed. Two basic approaches can be used to dry sol–gel
materials: (1) solvent evaporation, and (2) supercritical ﬂuid
processing extraction. In the case of solvent evaporation, large
capillary forces are generated as the liquidmeniscusmigrates through
the small cells and pores of the gel. These capillary forces lead to
signiﬁcant shrinkage (sometimes greater than 75% by volume), and
precautions must be taken to prevent cracking of the gel. Once dried,
the solid product, xerogel, may have a porosity of 0%–50% depending
on the precursor chemistry. Porosity of a solid is generally deﬁned as
the ratio of void pore volume to the volume of the whole. The IUPAC
deﬁnes micro-porosity as materials with pores smaller than 2 nm in
diameter, macro-porosity materials have pores larger than 50 nm and
meso-porosity includes the range between 2 and 50 nm [41]. Porous
thin ﬁlms can be produced by spin coating (see Fig. 2) or dip coating
the sol onto a substrate. Aerogels are obtained if the solid can be dried
without the collapse of the gel network (see Fig. 2).
Aerogels are a special class of open-cell foams derived from highly
cross-linked inorganic or organic gels that are dried using special
techniques to preserve the tenuous solid network. By deﬁnition, these
materials are prepared through the sol–gel process and can be either
granular or monolithic. Aerogels have ultraﬁne cell/pore sizes (less
than 1000 Å), continuous porosity (typically N75%), high surface
area (400–1000 m2g−1), and a microstructure composed of inter-
connected colloidal-like particles or polymeric chains with charac-
teristic diameters of 100 Å. This microstructure is responsible for the
unusual optical, acoustical, thermal, and mechanical properties of
aerogels. For example, aerogels are known to exhibit the lowest
thermal conductivity, sound velocity, and refractive index of any
bulk solid material. In addition, aerogels can be prepared as
transparent solids because their ultraﬁne cell/pore size minimizes
light scattering within the visible spectrum. Most of the properties
characteristic for bulk aerogels are also exhibited in other forms of
the material, such as thin sheets or ﬁlms, an important aspect for a
growing number of electronic and thermal applications.
Aerogels are among the most versatile materials available for
technical applications due to their wide variety of exceptional
properties. Technological interest in aerogels originated from the
need in high-energy physics experiments for low density materialschemistry with tetraethyloxysilane as precursor.
Fig. 2. General scheme for preparing aerogel and spin coated xerogel by sol–gel processing.
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aerogels were identiﬁed as good candidates for the design of Çerenkov
counters used in the detection of nuclear particle radiation [42]. Since
then, aerogels have been used or considered for use in laser
experiments, sensors, thermal insulation, waste management, molds
for molten metals, optics and light-guides, electronic devices,Fig. 3. Atomic force microscope image(s) of (a) silica xerogel surface prepared as described i
quartz surface (SPI Supplies, number zero quartz coverslip), and (c) borosilicate glass surfacapacitors, high explosive research, imaging devices, catalysts,
pesticides, cosmic dust collection and X-ray laser research.
In silica sol–gel synthesis, as shown in Fig. 1, a chemical precursor
such as a tetraethoxysilane undergoes hydrolysis and condensation
reactions forming siloxane bonds catalyzed by either an acid or base
[32]. As the reactions progresses, a colloidal suspension of silica beadsn Section 4 (a typical ∼50 nm surface feature is demonstrated in the cross-section), (b)
ce (Fisherbrand, number one microscope cover glass).
Fig. 4. Scanning electron micrograph of silica xerogel cross-section.
Fig. 5. A schematic representation of an aerogel-supported lipid bilayer. The topology
and the sizes of the lipids and the beads are not based on experimental observations.
Reprinted with permission from [30]. Copyright 2004 American Chemical Society.
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a silica bead networkwhich spans the reaction container. Xerogels are
produced by allowing the solvent to evaporate during which the
capillary forces collapse the skeletal structure resulting in a decrease
in bulk porosity. Aerogels are produced when a supercritical
extraction of the liquid phase, generally alcohol or carbon dioxide, is
performed thereby preserving the continuous solid network of
nanoparticles without appreciable shrinkage of the solid framework.
The porosity of silica aerogels can be up to 99.8% whereas the porosity
of a xerogel can range from 0% to 50% [43]. The reaction kinetics,
synthesis parameters, and structure of the resulting gels have been
extensively studied in the literature [44-48]. In general, the gelation
time is controlled by altering the amounts of the reactants and the
casting method used; i.e. spin coating, dip coating, bulk gelation, etc.
The porosity, pore size, and gel structure can be controlled by the type
and amount of catalyst used. Acid-catalyzed silica sol–gel reactions
result in a randomly branched, linear structured gel whereas base-
catalyzed reactions produce highly branched cluster structures [32].
Silica aerogels and xerogels are useful in many applications. As
supports for phospholipid bilayers, silica xerogels have a great deal of
potential given the ease of synthesis and the ability of the liquid to
conform to different shapes prior to gel formation and the robust
behavior of the gel in aqueous solutions [39]. The surface features of a
typical silica xerogel compared to quartz and borosilicate glass
surfaces are shown in Figs. 3 and 4. Silica xerogel surfaces are
uniquely compatible as scaffolds for vesicle fusion and bilayer
formation as a result of some desirable properties, primarily their
hydrophilic nature and controllable surface pore size.
3. Fluid lipid bilayers supported on aerogel and xerogel substrates
Silica aerogels and xerogels created via the sol–gel synthesis
method were used as substrates for phospholipid bilayers formed via
vesicle fusion [30,31]. In these works, small unilamellar egg
phosphatidylcholine (PC) vesicles in solution were used to form
bilayers on a variety of surfaces including silica xerogel and silica
aerogel (Fig. 5), Vycor® glass, silicon oxide and borosilicate glass.
Vycor® glass is a registered trademark of Corning Incorporated and
has been characterized to have a monodispersed pore size centered
around 60 Å with a porosity of ∼28%. Vycor® glass has a grain sizes
ranging from ∼0.3 to 4 μmwith a silica bead plate-like structure [30].
In one study [30], ﬂuid bilayers on xerogel, aerogel, and silicon oxide
were observed and compared using quartz crystal microbalance with
dissipation (QCM-D), epiﬂuorescence microscopy and ﬂuorescence
recovery after photobleaching (FRAP); the substrates were charac-
terized using scanning electronmicroscopy (SEM). Another study [31]
focused on lipid diffusion behavior via FRAP on mesoporous silica
xerogels, aerogels, Vycor® glass and borosilicate glass and the impact
of cracks in the substrate to conﬁne ﬂuorescence recovery afterphotobleaching. Collectively, these studies represent a coherent initial
survey for these mesoporous, sol–gel synthesized, silica materials as
supports for lipid bilayers formed through vesicle fusion.
Typical surface features of the substrates were 10–25 nm diameter
beads for silica aerogel and 36–104 nm beads for silica xerogel. The
pores in these materials were 10–25 nm in scale for aerogel and 9–
24 nm for xerogel from SEM micrographs. Vycor® glass has
monodispered pores of 6 nm and a porosity of ∼28%. Silica aerogels
and xerogels investigated have porosities ranging from ∼75% to 99.8%
and ∼0%–52%, respectively. The borosilicate glass, on the other hand,
has zero porosity and is considered to be relatively smooth compared
to the others [49].
To understand the underlying interactions which govern vesicle
fusion and bilayer formation on these tortuous materials, QCM-D data
were analyzed and interpreted for a silica xerogel thin ﬁlm and
compared to thermally evaporated silicon oxide. In QCM-D, adsorp-
tion and transformation of vesicles are observed by measuring the
frequency change and dissipation energy change of a quartz crystal.
For example, an increase inmass of a soft ﬁlm, such as a bilayer, would
result in a decrease in the crystal's resonance frequency as well as an
increase in the dissipation energy due to the soft nature of the
material [50]. The results from the QCM-D data show that the lipid
bilayer forms on the silicon oxide surface nearly four times faster than
on the silica xerogel ﬁlm [30]. It was also found that the resonance
frequency change as well as the absolute change in dissipation energy
for the formed bilayer was greater for silica xerogel than that for the
silicon oxide indicating that ∼10%more bilayermaterial was adsorbed
onto the xerogel support [30]. It was reported that this value was
likely to be an underestimation of the actualmass due to neglect of the
viscoelastic component of the intact vesicles.
In discussion of these results, it is speculated that the large surface
area and roughness of the xerogel support may actually create a
bottleneck step in the bilayer formation during the vesicle fusion
process. The uneven surface may have reduced surface–vesicle
interactions compared to a smooth silica surface where all hydrophilic
surface silanol groups appear in the same plane. An increased surface
area would require a larger amount of vesicles for the critical coverage
to promote coalescence and the rough terrain of the surface may also
hinder the spreading of the bilayer during the intermediate steps of
vesicle fusion. As vesicle fusion occurs, an increased amount of surface
area would account for the additional mass of bilayer material on the
silica xerogel surface if the bilayers conformed to the corrugated
surface to some degree (as depicted in Fig. 5).
The lateral mobility of lipids on these surfaces was studied by FRAP
technique and the results were compared. The bulk compositions of
Fig. 6. AFM images and section analysis of (a) bare silica xerogel surface, (b) bare mica surface, (c) DOPC-DSPC bilayer on silica xerogel, and (d) DOPC-DSPC bilayer on mica. (a, c)
15.5 μm×19 μm, (b, d) 8.3 μm×9.5 μm. The dotted lines in the AFM images indicate the location of the sections and the dotted lines in the sections in panels c and d indicate the edges of
DSPC domains. The color scale bar on the right represents 15 nm. Reprinted with permission from [39]. Copyright 2009 American Chemical Society.
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different from each other; therefore, any difference in the diffusion
results was expected to be due to themorphology of the surface rather
than the surface chemistry. The diffusion coefﬁcients of lipid in
bilayers on silica aerogel, xerogel, Vycor® glass and borosilicate glass
were measured to be 0.6±0.2, 2±1, 1.7±1.1 and 2.5±0.4 μm2/s,
respectively; approximately, with an increasing trend as the surface
corrugations and porosity decreased [31]. Mobile fractions of the
lipids also more or less follow this trend, i.e. 75%, 81%, 94% and 100%,
respectively [31]. This behavior was qualitatively attributed to thebilayer following the surface contours of the highly undulating
substrates to some extent and also to the sensitivity of the bilayer
to the defects on the surface. These two points will be addressed
quantitatively in Section 4.
The aerogel structures can undergo partial collapse due to the
induced capillary forces upon ﬂuid absorption. Accordingly, ﬂuores-
cence images revealed the presence of deep and irregular cracks on
the surface of the aerogel-supported bilayers. Similarly, in the xerogel
thin ﬁlms, the surface could be observed to be in several different
geometric forms; some regions appeared defect-free and others
724 E.I. Goksu et al. / Biochimica et Biophysica Acta 1798 (2010) 719–729contained extensive cracking. At this point, one may consider the
possibility that the bilayer spans across those micron-size cracks. To
address this issue, the xerogel surfaces where cracks were present
were further examined and it was observed that the lipids did not
uniformly redistribute after photobleaching indicating that the cracks
served as barriers of lateral motion and divided regions of supported
membranes [31].
Overall, these studies demonstrated that ﬂuid phase lipid bilayers
could be successfully prepared on nanoporous silica supports and that
surface corrugation can slow supported lipid bilayer formation
kinetics and lipid diffusion.
4. Phase-separated lipid bilayer supported on xerogel substrate
Several studies directed at the cell membrane have provided
evidence for the existence of lipid and protein heterogeneities in the
submicron range which are integrally involved with various cell
functions such as trafﬁcking of proteins and lipids [51], cell signaling
[52], and protein sorting [53]. A model membrane of heterogeneous
lipid composition (and concomitant heterogeneous ordering) can be
easily formed through lipid phase separation and provides a
compositionally ﬂexible and relatively easily characterized system.
Therefore, the study of aerogel/xerogel-supported ﬂuid lipid bilayers
[30,54], summarized in the previous section, was followed by
introduction of gel phase domains into the lipid bilayers via lipid
phase separation of a binary lipid bilayer [39]. The presence of the gel
phase domains also provided a frame of reference in AFM and
ﬂuorescence imaging to distinguish xerogel-supported lipid bilayer
from xerogel and estimate the actual bilayer area (vs. projected area)
on a xerogel vs. mica support respectively.
Silica xerogel structures were prepared, each under identical
experimental conditions (one-step base-catalyzed sol–gel synthesis
using tetramethoxysilane as the precursor and spin coated onto
freshly cleaved mica substrates at 10 min of the gelation process) and
characterized by using AFM (Fig. 6a). By examining cross-sections of
1 μm×1 μm images (see Fig. 3a), xerogels prepared in this way were
found to have a feature size of 50±21 nm that each appears to be a
colloidal-like bead (see Fig. 3a) [39].
When a 2:1 dioleoylphosphatidylcholine (DOPC)–distearolylpho-
sphatidylcholine (DSPC) vesicle solution was deposited on the silica
xerogel surfaces and cooled from 65 °C to room temperature,
successful vesicle fusion and ﬂuid-gel phase separationwere observed
by AFM as shown in Fig. 6c where a DSPC-rich domain is readily
visible [39]. The surface roughness of the lipid bilayer on silica xerogel
was quite similar to the surface roughness of the silica xerogel
(compare Fig. 6a and c) indicating that the bilayer followed the silica
xerogel surface closely rather than being suspended on the substrate
under contact mode AFM imaging conditions. The average RMS
roughness values for silica xerogel and silica xerogel-supported lipid
bilayers obtained from 20 μm×20 μm images were 0.71±0.28 nm
and 0.59±0.04 nm, respectively, which were not signiﬁcantly
different from each other by t-test. Mica seen in Fig. 6b and mica
supported bilayers seen in Fig. 6d were smoother having RMS
roughness values of 0.12±0.02 nm and 0.07±0.01 nm, from contact
mode AFM respectively.
To quantify the degree of corrugation imposed upon the lipid
bilayer by the xerogel support, the actual amount of lipid bilayer area
was compared to the projected area by quantitative ﬂuorescence. AFM
was not used for this measurement because the tip cannot penetrate
into the porous xerogel material and therefore such a measurement
by AFM on a nanoporous material will be greatly in error. A
comparisonwasmade of the NBD-PC ﬂuorescence intensity difference
between the surrounding DOPC-rich ﬂuid phase and symmetrically
distributed (spanning both leaﬂets) DSPC-rich domains on mica vs.
silica xerogel. The intensity difference between DSPC-rich symmetric
domains and the surrounding DOPC-rich ﬂuid phase was found to be1.96±0.26 times higher for the bilayer on the silica xerogel side
compared to DSPC-rich domains on the mica side of the same
substrate [39]. In other words, the real bilayer area was doubled on
xerogel compared to mica. A plausible explanation for this result is
that the lipid bilayer follows the surface contours covering approx-
imately half of each silica bead on the surface.
In agreement with the real areas, the lipid diffusion coefﬁcient in
DOPC bilayers was signiﬁcantly slower, 1.69±0.53 μm2/s, on silica
xerogel support compared to a mica support, 3.93±0.98 μm2/s, as
calculated by FRAP at room temperature [39]. The ﬂuorescence in the
FRAP spot was recovered almost completely (N95%) as the measure-
ments were done on micron-scale defect free regions and the
substrates were pre-bleached before bilayer formation. Increasing
the area by 1.96 times in the FRAP equations used for calculating the
diffusion coefﬁcient on silica xerogels accordingly resulted in a value
of 3.31±1.05 μm2/s which is not statistically different from the
diffusion coefﬁcient on mica (3.93±0.98 μm2/s) [39]. The agreement
between diffusion coefﬁcient and membrane area gives credence to
the idea that there is signiﬁcant coverage of the silica beads by the
lipid bilayer and the basic reason underlying the reduced diffusion
coefﬁcient is the bilayer following the surface curvature of each
surface-exposed ∼50 nm bead.
Moreover, the diffusion coefﬁcients obtained for both mica and
silica xerogel-supported bilayers by ﬂuorescence correlation spec-
troscopy (FCS) technique (1.65±0.26 and 4.31±0.13 μm2/s, respec-
tively) were observed to be similar to the FRAP results [39]. Since the
defects within the bilayer would be more pronounced in the larger
FRAP spot as compared to the FCS spot, the FCS results are expected to
be higher if there are defects present within the bilayer [55].
Therefore, these similar results using FCS and FRAP can be interpreted
to indicate negligible defect formation in silica xerogel (and mica)
supported bilayers which is in agreement with the results of Roiter et
al. [56], discussed in the next section, stating that continuous bilayer
formation can be achieved on the nanoparticles having diameters
larger than 22 nm.
DSPC-rich domain density and size on the silica xerogel compared
to mica supports were analyzed by using ﬂuorescent images. The
domain area per projected area (or real area) ratio was higher on silica
xerogel (0.224 vs. 0.176) [39]. In addition, the domain number per
real area on the silica xerogel substrate was approximately half (18
domains / (100 μm)2) of that on the mica substrate [39]. These
ﬁndings indicate that there is a signiﬁcant difference in the
thermodynamics of a supported bilayer that conforms to a corrugated
surface with surface radii in the 25 nm scale vs. a ﬂat (0.1 nm
roughness) surface. We will review the literature in this area in order
to gain a better understanding of the thermodynamics of lipid bilayers
conforming to curved surfaces in the next section.
5. Experimental curvature effects in supported bilayers
At least three distinct issues exist when discussing the effect of
curvature on supported lipid bilayers. First, there is the question of
what individual lipids do in a curved environment. Lipids have
curvature preferences depending on their shape. This intrinsic
curvature preference can lead to many different phases in three
dimensional lipid structures [57]. Second, there is the question of
what phase-separated domains do in laterally segregated lipid
mixtures when interacting with curvature in the membrane. In
addition to the individual preferences of lipid molecules, membranes
in different phases will have varying mechanical properties that
mediate their behavior [58]. Third, there is the broad question of
how a supported lipid bilayer interacts with a corrugated surface
that would initially induce curvature in the membrane. This too
depends on membrane properties such as edge energies around
defects and the bending stiffness of the membrane as well as the
chemical properties of the surface and the adhesion it induces [59].
Fig. 8. Curvature effect on domain location. (a) Brightﬁeld image of the substrate. (b) In
a mixture of DOPC/DPPC/cholesterol/DOTAP/TR-DPPE (of mol% 52.9/15.1/30/1.5/
0.5), dark predominantly DPPC-rich Lo lipid domains align with lower curvature regions
of the membrane. (c) Lipids mixed at higher temperature. Reprinted with permission
from [63]. Copyright 2006 American Chemical Society.
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concomitant support features with the ranges of radii of curvature
inferred.
Addressing the ﬁrst question, the recent work by Tian and
Baumgart [60] has shown the absence of effective lipid sorting by
membrane curvature in membranes using a single lipid species
(POPC) with tracer dyes. This work looked for the preference of a lipid
analogue dye to locate to either the relatively low curved membrane
area of a giant unilamellar vesicle (GUV) or the highly curved area of a
microtubule-like tether extended from the GUV. Curvature on the
microtubule was as high as 0.1 nm−1 (a radius of 0.01 μm) while a
representative GUV provided a curvature of 0.1 μm−1 (a radius of
10 μm). Lipid analogue dyes with two different head-group-attached
ﬂuorophores (Texas Red (TR)-DHPE and BODIPY-DHPE) as well as
ones with three different tail groups (DiI-C18, DiI-C12, and Fast DiI) did
not preferentially change concentrations as a result of changes of
curvature between the relatively low curvature of a GUV and the high
curvature of an extended tubular tether. On the other hand
ﬂuorescence measures of the localization of Cholera Toxin B, which
binds clusters of ﬁve ganglioside lipid (M1) GM1 species that were
added to the membrane at low concentrations, showed that GM1
sorted to areas of low curvature.
With the evidence above that individual lipids do not appear to be
curvature sorted, one can ask what effect curvature has on the
mobility of lipids. In experiments where membranes were formed on
colloidal crystals, Brozell et al. [27] showed that the diffusion
measured by FRAP showed that recovery was 4–6 times slower
when using 330 nm silica beads for the colloidal crystals compared
with supported lipid bilayers on a glass coverslip but it was suggested
that this was accounted for by considering the three dimensional path
of the lipids rather than using the distances in the projected image
plane. Sanii et al. [61] also looked at diffusion on corrugated surfaces
with curvatures from 0.01 to 0.13 μm−1 where the patterned surface
was made by rows of wrinkles in PDMS. FRAP measurements showed
the Gaussian proﬁle of the bleached spot change to an ellipse that was
oriented with the two axes of the corrugation, parallel and
perpendicular to the wrinkles. A more rigorous study by Werner et
al. [62] found that membranes that closely conformed to a corrugated
surface show anisotropic FRAP recovery which was quantitatively
explained by the additional path length lipids traveled when moving
perpendicular to the one dimensionally patterned corrugations of the
surface. These results indicate that curvature at these levels do not
change the diffusion rates of lipids.Fig. 7. A summary of curvature radii addressed in selected references. Some references
state explicit curvatures and others are inferred from descriptions of substrate features.
(a) Tian [60] (b) Werner [62] (c) Parthasarathy [63] (d) Goksu [39] (e) Davis [24] (f)
Roiter [56] (g) Brozell [27] (h) Sanii [61].Since lipids appear to not necessarily be curvature sorted as
individual molecules, the second question of phase-separated
domains is important to address since one might ask if curvature
can induce phase changes or if domains preferentially grow in
curvature directed regions. Parthasarathy et al. [63] observed
curvature dependent partitioning between phases in a ternary
mixture of DOPC, DPPC, and cholesterol where the Lo domains
preferentially grow in areas of low curvature. Fig. 8 shows images of
the substrate and the transition from miscibility to Lo domain
formation. It was found that a critical minimum curvature of 0.8 μm−1
exists above which spatial organization of lipids occurs. This study
also indicated that the difference in bending elasticity in Lo and Ld at
the chosen cholesterol concentration of 30 mol% is about 10%. Note
that the authors [63] used a double-supported lipid bilayer to prevent
the domains from being “pinned” to the substrate. This double bilayer
was formed by vesicle fusion followed by rupture of a GUV composed
of the ternary mixture. All other supported lipid bilayers discussed in
this review were comprised of a single lipid bilayer formed using
vesicle fusion. For details about the mechanism of vesicle fusion, the
reader is directed to a recent review [38].
There is a distinct possibility that cholesterol is curvature sorted.
Cholesterol is known tomove spontaneously between vesicles, having
a rate decreasing as the size of the donor vesicle is increasing with no
signiﬁcant effect of the acceptor vesicle [64]. This could be ascribed to
the increased hydration of cholesterol molecules and decreased
phospholipid–cholesterol interactions as a consequence of the larger
area per molecule due to the higher curvature [64]. In another work,
in which monolayers of binary mixtures of brominated di18:0PC and
cholesterol was studied, cholesterol was also observed to accumulate
in high curvature regions in distorted hexagonal phases whereas no
obvious sorting was observed in lamellar or hexagonal phases [65].
In studies related to the third question, recently, it was shown that
surface curvature can yield the loss of integrity and pore formation
within the bilayer. L-α-Dimyristoyl phosphatidylcholine (DMPC)
bilayers fused from vesicles onto silicon wafers decorated with 1–
140 nm size silica nanoparticles exhibited nanoparticle-scale pores
centered at 1.2–22 nm nanoparticles [56]. However, the DMPC bilayer
closely followed or enveloped the surface corrugations out of that
range as shown in Fig. 9. The inability to follow the surface features
was attributed to the high bending penalty paid by the bilayer as
opposed to the attractive force pulling the membrane to the surface
[56]. In a study, in which bilayers were formed on nanoporous
microbeads, it was observed that the lipid bilayers spanned pores
with sizes smaller than twice the bilayer thickness. On the other hand,
lipid bilayers penetrated into pores that were much larger than the
bilayer thickness resulting in an increase in the membrane surface
area [24].
Fig. 9. Lipid bilayer formation by vesicle fusion on 5–140 nm silica nanoparticles. A series of AFM images were taken on the same locationwithout the lipid and after the bilayers were
formed. Successive AFM 3Dmatrices were precisely aligned and then subtracted to reveal the topology of the bilayer. (a) Substrate with nanoparticles and no lipid bilayer, (b) partial
coverage of the surface by lipid bilayer, and (c) lipid bilayer formed on the surface. The bilayer covers larger particles almost completely, but holes remained around smaller particles.
Adapted with permission from [56]. Copyright American Chemical Society 2008.
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structural changes within the biomembranes [66]. It was previously
reported that the outer and the inner leaﬂets of small unilamellar
vesicles exhibited different lipid packing because of the differences in
the curvature [67]. Furthermore, the phase transition temperatures of
lipids with various chain lengths supported by 4–5 nm silica beads on
heating (Tm) and cooling (Tc) were observed to exceed the Tm/Tc of
the parent multilamellar vesicles suggesting that an interdigitated
state of the lipids was favored due to high curvature and increased
spacing between head groups [66].
6. Molecular modeling of rough and patterned surfaces
Molecular modeling allows unrivaled resolution through access to
all particle position and velocities at all times [68, 69]. Therefore it is
an ideal technique to address questions of biomembranes on surfaces
and elucidate the inﬂuence of surface patterning, corrugation, or
roughness [11,40,70]. There are a variety of length scales which are
important in the interaction between membranes and surfaces.
Therefore there is no single model which can be applied to this
complex problem. It is necessary to resort to modeling on different
scales.
The computational investigation of supported bilayers is a
relatively new ﬁeld and the relevant interactions are largely on the
intermediate to large length scale. A few atom-based simulations of
supported bilayers have appeared [70-74] but generally coarse
grained models for lipids are a good starting point to study supportedFig. 10. Different surface topologies of solid support. From top, ﬂat surface, dipped
surface, rough surface. Adapted with permission from [11]. Copyright 2008 American
Chemical Society.bilayers [11,40]. The solid supports in experiments are never perfectly
smooth. Recently a signiﬁcant amount of research has focused on
topologically patterned surfaces [27,61-63]. We give here a brief
overview of simulations of membranes on non-ﬂat surfaces. We do
not discuss simulations of supported bilayers in general as this has
been reviewed in detail recently [70,75]. Simulations have the
advantage that the roughness can be perfectly controlled and thus
one can study different implementations of roughness.
Molecular dynamic simulations of lipid bilayers improve on the
treatment of biological membranes with analytical elastic theory in
two ways. First, when the complexity of the curvature increases,
shape equations and bending Hamiltonians quickly become difﬁcult
to solve analytically, whereas MD energy calculations are computed
with equal ease for any conﬁguration. Second, in reality, lipids need
not align their major axis parallel to the radius of curvature, which
might lead to conformations of lower than expected energy in regions
of high curvature. Typical treatment with elastic theory would not
account for the resulting bending elasticity heterogeneities in such
cases. Since MD is particle based, these conformations can naturally
occur and are accommodated in energy calculations.
Our current work on supported lipid bilayers adds to the past work
where corrugations are of atomic or molecular scale [11,40].
Previously it was shown that with controlled surface energy density,
variations in corrugations of one nanometer or less do not
signiﬁcantly change the equilibrium structure of the membrane [36].
Using a variant [11] of the well-knownMartini model [76,77] it has
been determined that the surface topology of a solid substrate can
have signiﬁcant inﬂuence on the structural and dynamic properties of
the lipid bilayer. As an example differently patterned surfaces were
constructed and model bilayers of DPPC molecules were ﬂoated atopFig. 11. Differences in lateral pressure proﬁles for differently rough surfaces.
Fig. 12. Snapshot of a simulation of a water-free bilayer on a corrugated model surface.
727E.I. Goksu et al. / Biochimica et Biophysica Acta 1798 (2010) 719–729[11]. Supported bilayer systems on a molecularly smooth, a dipped,
and a randomly rough surface were studied (see Fig. 10, top, middle
bottom respectively). The smooth surface is perfectly crystalline on a
simple cubic lattice and all particles are in the same plane. For the
dipped surface 1/4 of the total surface area is made of particles which
are 0.3 nm lower than the rest, in the xy plane a simple cubic lattice is
again implemented. The particles in the lower plane were grouped
into 4 squares so that the surface has 4 big dips. The rough surface is
again perfectly simple cubic in xy but particles are randomly assigned
into two z-planes 0.3 nm apart. The lateral spacing of the surface
particles on all three surfaces is 0.3 nm to ensure no solvent particles
(one solvent particle represents 4 water molecules in this model) can
pass through.
It turns out that the structure of the bilayers on different surfaces
is signiﬁcantly inﬂuenced by roughness. A typical property which is
often studied is the density proﬁle which elucidates atom positions
normal to the surface. The degree of periodic ordering of the density
of water and lipids was found to decrease as the roughness of the
surface increases. On the smooth surface, the head groups in the
proximal (closer to the support) leaﬂet are found in two clearly
ordered layers [11]. Less pronounced layers farther from the surface
can be observed with shallow patterned depressions where lateral
feature sizes are much larger than a single lipid (see Fig. 10 middle
surface). A more signiﬁcant disordering can be seen on the rough
surface. The proximal leaﬂet becomes similar to the distal leaﬂet. In
addition, the mobility of lipids is also inﬂuenced by topology. With
the increase in sub-molecular scale roughness and concomitant
decrease in order, the lipids became more mobile. Another
signiﬁcant difference between various surface roughnesses is
shown in Fig. 11. Here lateral pressure proﬁles of differently rough
surfaces are shown. There is clearly qualitative agreement between
different roughnesses but signiﬁcant quantitative differences. The
rougher a surface the smoother a pressure proﬁle is found. This again
shows that a perfectly ﬂat surface imposes the strongest surface-
induced artifacts onto a bilayer. These simulations clearly suggest
that some degree of surface roughness should always be aspired to in
order to minimize artifacts.
There is no symmetry plane in a supported system and there is a
substantial difference in the structure of the two leaﬂets. There is
signiﬁcant localization of both, head groups and tails and increased
ordering in the proximal leaﬂet and much less in the distal leaﬂet.
Especially the proximal head group is highly localized and one ﬁnds a
strong interaction with the support. This was also found using the
water-free model by Cooke et al. [40,78]. One can ﬁnd an almost
crystalline behavior perpendicular to the surface in the density proﬁle.
It appears that the proximal leaﬂet is signiﬁcantly altered whereas the
distal leaﬂet is essentially unaffected.
If one studies supported bilayerswith awater-freemodel one ﬁnds
again that the leaﬂet symmetry is severely disrupted by the solid
surface [40,70]. The overall thickness of the bilayer does not change
substantially when considering the head group distance across the
membrane. There are however, two strong effects: First the density
peaks in the supported system are in general sharper and become
even sharper with closer approach to the support. Second, the proﬁleshapes are asymmetric, especially the head group peak in the
proximal leaﬂet looks as if it has been cut in half, with a very sharp
ﬂank facing the support and a much softer slope towards the
membrane center. If this model is now used to study membranes on
curved surfaces it is seen that the membrane follows the rough
features of the surface but not all details [Hoopes and Faller (Fig. 12
unpublished)].
This water-free model shows that membranes adsorb to surfaces
with corrugations on the order of several nanometers and signiﬁ-
cantly desorb when interactions energies with the surface are half of
the cohesion energy between lipids. At 10% of the cohesion energy,
the bilayer is nearly returned to a planar conﬁguration. Even lower
adsorption energies allow suppressed undulation to return and
macroscopic contact with the surface is no longer guaranteed. Further
work is needed on corrugation scales of tens of nanometers when it
becomes important to compare results with experimentally observed
surface structures.
7. Conclusions
Silica xerogels and aerogels constitute a supported lipid bilayer
substrate with the potential for high porosity, ﬂexibility in substrate
shape, and high local curvature. We reviewed here our experimental
work showing that single component and binary (phase-separated)
lipid bilayers closely follow the local corrugations (∼25 nm in
diameter) on the surface of the silica bead network and maintain
fast ﬂuid lipid diffusion coefﬁcients when the real area of the bilayer is
taken into account (vs. projected area). On the scale of microns, these
lipid bilayers are defect free, however over larger scales, the substrate
contains cracks that present themselves as obstacles for diffusion.
Depending upon the intended use, these large-scale substrate defects
and the longer time taken for supported bilayer formation, in
comparison to ﬂat silica, should be considered. To put this work and
future experiments involvingmore complexmulticomponent bilayers
into perspective, we reviewed closely related experimental literature.
Of the several studies that have been conducted on hydrophilic
surfaces, all have found that membranes formed by vesicle fusion, as
here, follow the local curvature of the surface closely and ﬂuid lipids
maintain their high diffusion coefﬁcients, when real area is taken into
account. The exception has been found for surfaces with smaller
features (local curvature, pores), in the 1 nm–10 nm range, where
bilayers are not found to simply follow the curvature of the surface.
Future experiments involving xerogels/aerogels and similar corrugat-
ed substrates will involve multiple lipid and protein components. In
the most closely related literature, individual lipids are not curvature
sorted, however cholesterol and larger clusters of lipids and Lo
domains may be partitioned or sorted according to curvature. Our
recent computer simulations have focused on studying the structure
and interactions of supported lipid bilayers on supports with smaller
feature sizes. In agreementwith these few literature studies, it is found
that nanometer-scale features/roughness greatly impacts lipid bilayer
structure and interaction with the substrate when compared to
completely ﬂat substrates. Overall it can be seen that trends are
beginning to emerge from theworks reviewedhere. However it is clear
that studies of supported lipid bilayers on patterned, curved and rough
surfaces are in their infancy and many more studies are needed.
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